Introduction
A recurrent issue on bone therapy and regenerative medicine is the search for new materials which are able to improve bone regeneration, thus reducing the consequences of bone loss on events such as trauma, fractures or teeth extraction. Among several successful biomaterials, it is possible to highlight the role of synthetic bioactive ceramics, which represent very desirable characteristics such as low immunogenicity, no risks of transmitting diseases from donors, as well as the availability for unlimited mass production 1 . Among such materials, it could be highlight the employment of calcium phosphates, especially hydroxyapatite (HA), which presents several chemical, biological and crystallographic similarities with the mineral phase of human bone, therefore being recognized as very biocompatible, and presenting well known osteoconductive properties 2, 3 . Another important characteristic of HA is the possibility of incorporation of other components, such as metallic ions, on its structure [4] [5] [6] , thus promoting alterations on important physicochemical properties with impact on the biological response to this biomaterial. Also, this substitution may include bioactive elements or ions, which could also modulate important events related to bone regeneration, as they are released from HA onto biological media 7 . In this context, Zinc ions may represent strong candidates for incorporation on bioactive materials. Zinc is an essential trace element, which is involved on the regulation of osteoblast and osteoclast activities, the production of collagen matrix and expression of Sodium-Dependent Vitamin C Transporter 2 (SVCT 2), involved on osteoclast differentiation 8 . Zinc is also a co-factor for alkaline phosphatase, an important enzyme on bone mineralization 9 . Furthermore, there is clinical evidence of a relationship between Zinc deficiency and osteoporosis 10 . Different studies in vivo and in vitro have shown good results with the incorporation of Zn on several biomaterials, such as glass ceramics and TCP [11] [12] [13] [14] [15] . In such cases, the addition of Zinc has stimulated bone growth and mineralization, through its direct action on osteoblasts and inhibition of osteoclasts 12, 16 . Regarding hydroxyapatite, previous work has shown that zinc ions may be incorporated on the structure of HA granules during synthesis, thus obtaining a bioceramic material (5% mol ZnHA) of small crystal size, and able to release considerable amounts of free zinc ions on media during degradation tests 14 . On the other hand, the literature is very limited concerning the impact of Zinc incorporation on the in vivo biocompatibility of hydroxyapatite-based granules 11, 13 . In this work, it was shown that ZnHA was able to perform very similarly to stoichiometric HA granules on their biological responses after being grafted subcutaneously on Balb/c 3T3 mice.
Materials and Methods

Synthesis of hydroxyapatite and zinc-hydroxyapatite powders
Hydroxyapatite powders were produced on CBPF (Brazilian Center for Physics Research) by the co-precipitation method, employing calcium nitrate and ammonium phosphate solutions in the presence or absence of zinc at a theoretical molar ratio of 5%, considering the ratio for the content of Ca, P and Zn as 9.5 Ca/0.5 Zn/6 P, described previously by Costa et al. 17 .
Preparation of granules
Granules were obtained from the previously described powders, employing stearic acid on a granulometric range between 0.5-1.5 mm as a porogeneic agent, in the proportion (wt. (%)) of 60/40. Samples with 1 g were taken to an uniaxial press (27.8 MPa) to produce 12 mm diameter discs. The dense discs thus obtained were calcinated at 1200 °C, obtaining porous discs free of stearic acid particles (through volatilization). The porous discs were grinded and sieved to a size of 250 to 1000 mm. The physicochemical characterization of the granules thus obtained was described previously 14 . Before grafting, the materials were sterilized though gamma radiation.
In vivo biocompatibility test
Experimental groups
Fifty Balb/c mice were randomly distributed on 2 experimental groups (n = 25 each), namely HA and ZnHA. Animals from each group were grafted subcutaneously with their respective materials (HA or ZnHA), and subdivided on groups of 5 individuals to be sacrificed at different experimental times (7, 14, 21, 28 or 60 days after grafting). The rational for analysis of new biomaterials implies the cytotoxicity evaluations 14 , followed by the determination of subcutaneous response and intra-bony biocompatibility, as preconized by ISO 10993-5 and -6, former one applied in the present study.
Surgical procedures
The surgical steps were initiated with general anesthesia (trough the association of 3:1 ketamine and xylazine chloridrates), followed by trichotomy and antisepsis of the dorsal region. Access to the subcutaneous tissue was obtained by 2 cm incisions, allowing the grafting of a total amount of 50 mg granules of the either ZnHA or stoichiometric HA. After suture, animals were maintained during all the experimental periods with ration and water ad libitum, at room temperature and a 12 hours light/dark cycle. By the end of each experimental time, animals were sacrificed and samples were collected from the grafted areas (following animal welfare standards). Samples, represented by the granulome (characteristic of a foreign body reaction) plus a safety border of around 0.5 cm, were then fixed on 10% formaldehyde buffered solution for 48 hours, followed by washing on running water and demineralization with EDTA. The demineralization process was monitored by radiography on a weekly basis, until radiolucidity was attained. Samples were then dehydrated in ethanol, diaphanized in xylol and finally impregnated and embedded in paraffin. Sections were cut at 5-6 μm thickness, and stained with Hematoxylin and Eosin (HE).
Histomorphometrical analysis
Subjective histological evaluations were performed in order to detect cell events involved on the tissue response to both materials (HA and 5% mol ZnHA), describing: i) the type of inflammatory infiltrate (chronic or acute); ii) the presence of granulocytes, agranulocytes and multinucleated giant cells; iii) fibrous tissue deposition; iv) angiogenesis; and v) the presence of necrotic areas. For the morphometric analysis, slides were observed on a bright-field microscope (Jenaval Universal, Carl Zeiss-Jena), with an 80A filter (color temperature correction). Fifteen randomly selected and non-overlapping fields were colleted for each slide, with a digital camera (Sony Cybershot DSC-W300; 13.6 megapixels) and analyzed with the help of the software Image Pro Plus 6.0.
Statistical analysis
The results of all experiments were analyzed with the software InStat ® (GraphPad Software Inc, USA). Means and SD were evaluated for normality, and submitted to either one-way ANOVA with a Bonferroni or Tukey post-test, or a Kruskal-Wallis non-parametric test with Dunnet post-test. The alpha error was set as 0.05.
Results and Discussion
In vivo studies with grafted materials, together with in vitro cytotoxicity assays, are very relevant tools available in materials research, as they help to predict the general biological response to material surfaces prior to the clinical application of novel biomaterials. In this regard, in vivo tests employing the use of subcutaneous grafting are suggested as an interesting approach by different international standards for material evaluation 18, 19 . It has led us to choose such an in vivo model to access the biocompatibility of ZnHA granules.
Several samples were obtained from excision of subcutaneous grafted areas at different experimental times. During the process of demineralization of the samples on EDTA, as followed through radiographic analysis, it could be observed that samples obtained from animals grafted with ZnHA lost their radiopacity on lower times (from 15 to 35 days) than those obtained from the stoichiometric HA group (from 61 to 71 days).
A qualitative microscopic analysis from these samples revealed focal regions with a strong presence of vesicle-rich, macrophage-like cells, on both experimental groups (ZnHA and HA) at day 7 after grafting. It was observed an intense inflammatory infiltrate, rich on agranulocytes and inflammatory multinucleated giant cells (MnGCs), circumscribing the grafted granules (Figure 1) . Granulocytes, if present, were very sparsely distributed. The inflammatory process was organized as a foreign body granulome, peripherically surrounded by a discrete layer of fibrous tissue, which seemed more thick on HA group, as compared to ZnHA (Figure 1a) . On the other hand, the presence of blood vessels was more evidenced on ZnHA samples (Figure 1b) .
At day 14, the presence of unmodelled connective tissue became evident on stoichiometric HA treated samples (Figure 2a ). For the ZnHA samples, however, an intense inflammatory infiltrate still persisted, rich on agranulocytes and MnGCs, and presenting intense angiogenesis (Figure 2b, c) .
Between days 21 and 28, fibroblasts were predominant and disposed on a more organized manner, presenting areas of dense conjunctive tissue on both experimental groups (Figure 3) . The inflammatory infiltrate also remained rich on agranulocytes on both groups, but an intense presence of vascularization was more evident on ZnHA group. By the end of 60 days, dense connective tissue was predominant on both groups, with proximal regions of loose connective tissue, and the presence of congested, large caliber blood vessels (Figure 4) .
The results obtained with cell distribution by histomorphometrical analysis of the grafted areas presented on Figure 5 . It is possible to observe that the estimated number of agranulocytes have changed during time of grafting, since samples from day 7 presented mean agranulocyte counting about two times higher (p < 0.05) than those from subsequent experimental times (Figure 5a ). Also, no significant difference was observed between ZnHA and stoichiometric HA on the estimated number of agranulocytes, on all evaluated periods.
When a biomaterial is implanted subcutaneously on an animal, the primary reaction of its nonspecific immune system is known as the Foreign Body Reaction (FBR), which shares several aspects of wound healing 20 . It is characterized by a specific molecular and cell dynamics, with the release of cytokines and leukocyte extravasation. The results hereby presented show that both tested materials induced a FBR biological response, with a granulomatous character, the presence of a fibrous capsule, and both acute and chronic processes characteristic of biocompatible grafted biomaterials. Agranulocytes represented the majority of cells detected, even tough their levels significantly decreased with time, suggesting the set of a mild chronic response accompanying the absorption of the material -a rather common response to biocompatible materials, usually due to the reduction of release of chemokines, eventually halting the influx of immune cells 21 . The estimative of granulocytes for the ZnHA group was about 10 times lower than the number of agranulocytes (p < 0.05) by day 7, and decreased with time to rather irrelevant levels (Figure 5b ). For the stoichiometric HA group, the presence of granulocytes was negligible, regardless of the grafting time. The virtual absence of granulocytes and PMN cells after 7 days contribute to the idea that any stronger immune response to both materials was probably resolved before the end of the first week after grafting, and no secondary response was initiated by both HA and ZnHA.
Concerning multinucleated giant cells (MnGCs), Figure 5c shows significant differences between HA and ZnHA groups. The amounts of MnGCs for the ZnHA group presented its peak by day 14, while HA group levels kept arising, attaining significantly higher levels of multinucleated cells estimated at day 28, as compared to ZnHA Group (p < 0.05). The increase on the number of MnGCs distributed around the grafted area on both groups, from the 7 to the 28 th day with significant reduction by the 60 th day, indicates an important aspect of FBR. These cells are produced by the fusion of macrophages, as a result of the stimulation of different cytokines released on the grafted area, or of several cycles of "frustrated phagocytosis" by individual macrophages over large material surfaces 22 . The number of MnGCs, during the Foreign Body Reaction, tends to reduce over longer periods, as the size of the foreign particles reduces with adsorption 20, 22 . According to present results, the amount of such cells on ZnHA treated samples was already significantly reduced at shorter times (28 days) than on the HA group. This fact possibly relates to the higher degradability of ZnHA granules, confirmed by the radiographic analysis of sample demineralization, and reported previously 14 . Also, it was described elsewhere that monocytes, in the presence of Zinc-containing apatites, tend to release lower levels of cytokines involved on the formation of MnGCs 23 . The analysis for fibroblasts (Figure 5d ) presented a rapid increase on the fibroblast content during the first 14 days, with a higher content of this cell type on the HA group during this period. However, no statistical difference was observed between groups starting from day 21.
Another important aspect of biomaterial compatibility is its angiogenic potential. The histomorphometrical analysis for angiogenesis revealed a faster increase on the mean number of blood vessels on samples from the ZnHA group during the first 14 days, as compared to stoichiometric HA ( Figure 6 ).
The level of vascularization attained on this experimental group remained constant on subsequent times. Figure 6 shows that, with a slower time-dependent increase on vascularization, only by day 60 the stoichiometric HA group approached the mean levels already attained for ZnHA. In this manner, it seems that ZnHA is able to induce the formation of high-caliber vessels, mostly around the grafted area, on levels significantly higher than on HA samples, form 14 to 21 days. It is possible that zinc released by ZnHA may act on angiogenesis both by the stimulation of MMPs or zinc-finger proteins involved on VEGF gene activation 24 . Actually, zinc release from the biomaterial to biological media is a rather expected phenomenon, on the light of the high solubility of such granules under several different conditions, as described previously 14 . However, other possible positive biological effects of zinc, such as the induction of bone tissue differentiation 9 were not observed in this work. In this regard, it is important to note that the animal model employed here -subcutaneous grafting on mice -even tough ideal for biocompatibility tests, is not favorable to the observation of osteoinduction on heterotropic tissue, which would be more adequately observed with intramuscular grafting 25 .
Conclusions
Based on the obtained results, it could be concluded that ZnHA granules are at least as biocompatible as non-modified HA, since both performed very similarly on a standard ectopic in vivo assay. Moreover, our data indicate both an improved angiogenesis and a faster reduction on the levels of cells involved on inflammatory response in the presence of Zn-HA, suggesting that the incorporation of Zinc might improve the performance of hydroxyapatite. Further studies should better address its potential use for bone therapy, mainly concerning the analysis of other zinc concentration to incorporate to HA and more detailed analysis to understand the relation of ZnHA and angiogenesis. Results represented as mean counts of blood vessels. Bars represent significant differences between groups (p < 0.05).
